Extensive study on the effect of dissolution-precipitation on mechanical behavior of various high-porosity outcrop chalks (Liége, Aalborg, Kansas, Stevns Klint, and Mons) flooded with simplified aqueous chemistry at 130 °C under isotropic stress beyond the yield is performed.
Introduction
Dissolution and precipitation in porous media have significant implications for petroleum reservoirs not only related to the diagenetic history but also when the field is brought onto production. It is a major mechanism in the pressure solution processes, which have been welldocumented in describing sedimentary and fault rock deformation (Durney, 1972; Rutter, 1983; Tada and Siever, 1989; Yasuhara et al., 2005) , porosity-permeability evolution (Bjørkum and Nadeau, 1998; Ehrenberg et al., 2006) , and development of stylolites in carbonate reservoir (Renard et al., 2004; Laronne Ben-Itzhak et al., 2012) . One of the important implications of these processes is the formation of different pressure regimes in North Sea central graben, which impacts fluid pressure release and build-up (Swarbrick and Osborne, 1998) .
In the North sea, chalk reservoir compaction and seabed subsidence at the Ekofisk field has been a subject of extensive research. Chemical effects due to reactions between the chalk framework and the injected water are one of the major mechanisms in the so-called water weakening processes (Newman, 1983; Rhett and Teufel, 1991; Teufel and Rhett, 1992; Piau and Maury, 1994; Risnes and Flaageng, 1999; Risnes et al., 2005; Madland et al., 2011) . Chemical dissolution precipitation have been investigated through various approaches such as numerical simulations (Pietruszczak et al., 2006; Lydzba et al., 2007; Hueckel and Hu, 2007) , experimental studies (Hellmann et al., 2002b) , as well as microscopic studies (Hellmann et al., 2002a) . Despite numerous research, integrated study on direct correlation of dissolution precipitation effects and the mechanical properties are, however, limited.
Pore water chemistry and the presence of clays have been shown to impact the kinetics of dissolution precipitation. It has been generally agreed that the presence of clays promotes pressure solution in chalk. In Baker et al. (1980) the presence of clay is shown to inhibit precipitation of calcite, but does not retard calcite dissolution. Weyl (1959) showed that the presence of thin clay seams facilitates diffusional transport in pressure solution process. Garrison and Kennedy (1977) pointed out that dissolution is most intense in layers that have high primary clay content. Fabricius and Borre (2007) also concluded that the contact between calcite and clay causes a disequilibrium for calcite dissolution.
In terms of chalk mechanical behavior, earlier works (Heggheim et al., 2005; Korsnes et al., 2006a,b; Madland et al., 2011) have shown that not only the aqueous chemistry of the pore fluid, but also the presence of non-carbonate minerals such as silica and clay minerals control the chalk mechanical behavior. In Madland et al. (2011) injecting MgCl2 brine leads to supersaturation of new minerals which further shift the chemical equilibrium towards dissolution of calcite. When injecting NaCl brine with the same ionic strength, however, only a minor change in the aqueous chemistry was demonstrated.
The primary focus of the present study is to link dissolution-precipitation to the mechanical and physical properties of chalk, and to investigate how the variation in chalk mineralogy impacts the chemical and mechanical interactions. Long-term mechanical tests on various outcrop chalks were carried out. Chalk cores were loaded isotropically beyond their yield points and then a prolonged creep phase with continuous injection of different aqueous chemistry followed. Simplified brines with seawater ionic strength (0.219 M MgCl2 and 0.657 M NaCl) were used. Since mechanical properties measured under isotropic compression are less scattered and highly repeatable as shown from previous studies (Risnes et al., 2003; Heggheim et al., 2005; Korsnes et al., 2006b Korsnes et al., , 2008 Zangiabadi et al., 2009; Madland et al., 2011) , this type of test is chosen. Microscopic studies by Scanning Electron Microscopy (SEM) are included. High-porosity outcrop chalks of different mineralogical compositions and of different origins from Niobrara quarry Kansas US, Aalborg quarry and Stevns Klint Denmark, Liége quarry and Mons basin Belgium were used. These will also serve as a basis for geomechanical characterization of high-porosity outcrop chalks.
Materials and Method

Material properties
We used five different outcrop chalks representing high-porosity chalk with variable properties such as calcite purity, mineralogy, permeability, and specific surface area. The properties of the five chalk types are presented in Table 1 . Porosity was calculated from the difference between the dry and wet weight after saturating the core plug with distilled water in a vacuum chamber. Permeability was calculated from the measured pressure drop across the core plug where a constant rate was applied. Carbonate content was measured by 0.5 M NaOH titration after reacting approximately 0.3 g chalk powder with an excess of 0.5 M HCl. The accuracy of this method for chalk is 0.7% or better (Nguyen, 2008) . Specific surface area (SSA) on bulk chalk sample was measured by BET (N2) method in two different Labs using Coulter SA3100 and Micromeritics Gemini III 2375. 
Rock mechanical test procedure
Rock mechanical testing was performed in a hydraulically operated triaxial cell similar with that of previous studies Korsnes et al., 2008; Madland et al., 2011) . The aim has thus not been to capture strength variations from complete yield curves, but to select a repeatable test method in order to study the various chemical effects. The design of the Triaxial cell is such that the application of confining pressure is also compensated in the axial direction. Confining pressure and axial pressure were applied using hydraulic high pressure pumps. The cell is equipped with a heating jacket element with an external regulator system. The test temperature was set to 130 °C.
Vertical displacement was measured continuously using an LVDT (Low Voltage Displacement Transducer) with a resolution of 0.05 mm or better. For total strain calculation, displacement at the start of the isotropic loading was taken as a reference point.
Prior to mechanical testing, a core plug with a size 38.1 mm diameter and 70 mm long was firstly cleaned by flushing through 2 pore volumes (PV's) of Distilled Water (DW) with 0.5 MPa isotropic pressures. Differential pressure across the core was measured, and during the cleaning initial permeability was calculated (Table 1) . After cleaning, pore pressure in the back side and confining pressure were simultaneously increased to 0.7 MPa and 1.2 MPa respectively. Thereafter, heating elements jacketing the Triaxial cell were switched on and the temperature was increased to 130 °C. The temperature is kept constant (±0.2 °C) throughout the test by an external regulating system. When the temperature is stable at 130 °C, the respective brine was introduced and the system was then left to equilibrate overnight.
All the tests were performed isotropically beyond yield point, and then followed by a prolonged creep phase. The loading rates are about 0.2 and 0.3 bar/min for SK/MO/RL/ÅR chalks and KA chalk, respectively. Throughout the tests, brine was continuously injected with a fixed rate of 1 PV/day. The brine composition and initial pH are presented in Table 2 . Effluent was collected periodically at the core exit and analyzed off-line by an Ion-Exchange Chromatograph (ICS-3000 Dionex) in attempt to study any chemical changes in and out of the core. Rate-type creep model (Andersen et al., 1992) , which is a well-known method for modeling of North sea chalk, is adopted here to model creep behavior over time. The simplified ratetype model with parameter A and t0 can be expressed as follows:
(1)
Parameter A and t0 are related to the compressibility and consolidation time, respectively, described in more detail in Andersen et al. (1992) . Here, the values were calculated from the best-fit to the measured creep.
Real-time axial displacement was continuously measured, from which deformation was calculated. Creep rate is obtained from the derivative of the measured creep with time as follows:
where dl and l0 are the displacement and the original dimension of the core, respectively. For infinite time, the rate type model predicts a diminishing creep, where the rate converges to zero. A comparison between the measured creep rate data and the model were performed and any deviation will thus represent the measurable effect of chemical processes on the timedependent deformation.
Results
Stevns Klint (SK)
The SK chalk can be classified as an extremely pure coccolith mudstone (Hjuler, 2007) with more than 99% calcite content (Table 3) . Stress versus strain during isotropic loading phase for all SK core plugs tested is shown in While no systematic trend is demonstrated in the loading phase, creep development with time does demonstrate a clear influence of the aqueous chemistry injected (Fig. 2 ). Cores flooded with 0.657 M NaCl follow a similar trend as that of DW. Both show a larger creep deformation which develops with decreasing rate with time. Creep strain for cores flooded with 0.219 M MgCl2 on the other hand flattens out after the primary phase. The creep is diminishing and after around 10 h it nearly stops. In the time frame of the test period SK15 and SK36B the total creep are significantly smaller than that of NaCl or DW flooding. However, as the creep test is allowed to prolong, as shown by SK5, another phase which appears as a tertiary creep develops after approximately 150 h. The creep rate accelerates by a magnitude higher and exceeds that of NaCl or DW flooding. Over a longer time period the creep strain will apparently exceed that of DW and NaCl. , which show significant loss of magnesium while in the same time significant production of calcium is measured. Chloride, however, immediately reaches the original concentration and no specific changes are observed. With total sites of 5 sites/nm2, such Mg 2+ loss and Ca 2+ production are in a magnitude too high to result from Ca-Mg substitution alone. In earlier studies Megawati et al., 2011) , this is instead described as enhanced dissolution. Effluent pH is relatively stable in the range of 7-8. The results also show that the sum of magnesium and calcium concentration is equivalent with the original magnesium concentration. With fresh brine being continuously injected, the loss of Mg 2+ and the production of Ca 2+ are maintained. It is interesting to note that the onset of creep acceleration coincides with significant increase in the Ca 2+ production of more than 50% after 150-h creep (see Figs Significant dissolution induced by injection of 0.219 M MgCl2 relative to that of 0.657 M NaCl occurs from initial time. It is interesting to note that such dissolution does not immediately impact the macroscopic creep of SK cores. Instead, creep initially stops before a creep enhancement evolves. As shown by extended creep test SK5, creep acceleration and enhanced dissolution occur simultaneously. As the mechanical and the chemical responses are aligned in time, this would mean that the deformation is a chemically triggered mechanism. As creep acceleration is delayed, this would reasonably imply a period of time required for the chemical processes on the grain scale to result in macroscopic mechanical degradation.
Mons (MO)
Similar as SK chalk, MO chalk is also pure chalk with calcite content more than 99% and can be classified as a coccolith mudstone (Hjuler, 2007) .
Stress versus strain in Fig. 5 shows no obvious effect of the aqueous chemistry during the isotropic loading. Sample MO2 experiences high strain upon being loaded above the yield point. Coincidentally the sample has also the highest porosity (Table 4) . Variation in the bulk modulus and yield values, summarized in Table 4 , seems to rather follow the porosity variation. No clear trend according to the injected fluid is demonstrated. Chemical analysis on the effluent of MO chalks flooded with 0.219 M MgCl2 shows continuous loss of Magnesium and at the same time production of Calcium is measured (Fig.  8) . For cores flooded with 0.657 M NaCl only minor production of calcium and relatively no change in the Na + is shown (Fig. 9 ). Chemical analysis on extended test core MO2 shows that, after approximately 300 h, a marked increase in the Ca 2+ production is demonstrated. Similar to that observed in SK chalk, such onset in the enhanced dissolution is also followed by acceleration in the creep deformation (Fig. 7) . No marked change, however, is observed in the Mg 2+ concentration. This shows that the triggering mechanisms must be related to dissolution. 3.3. Kansas (KA) KA chalk is rather impure with calcite content of about 97% and it can be classified as coccolith mudstone or wackestone (Hjuler and Fabricius, 2009 ). Cementation and recrystallization are common in KA chalk, resulting in rather angular grain shapes.
Stress versus strain during isotropic loading (Fig. 10 ) trend towards lower bulk modulus for all the MgCl2 flooded-cores. Yield point and bulk modulus are lower than that of NaCl flooding. Concurrently the porosity is also relatively higher than those of NaCl-flooded and hence it may also influence the stress-strain behavior (Table 5) . Creep behavior of KA chalk shows a different trend from that of pure chalks (SK and MO). Cores flooded with 0.657 M NaCl and DW exhibit similarly smaller creep strain (Fig. 11 ) compared to that of pure chalks (SK and MO). Cores flooded with 0.219 M MgCl2 on the other hand develop an enhanced creep of 2-4 times higher than that flooded with NaCl or DW. The creep rates curves show the pace are doubled compared to that of NaCl or DW.
Approximately after 250 h-creep, the extended test (KA1) shows some modest increase in the creep rate. Thereafter for more than 800 h-creep core KA1 demonstrates an enhanced creep strain with a steady growth with time. (Fig.  12) . Analysis on Silicium content by ICP-OES is also included. The amount of Silicium produced, although low, cannot be disregarded. Such a concentration gives an indication that chemical processes probably do not only involve dissolution on the calcite surfaces but also on the non-carbonate phases. Fig. 12 shows slightly larger Si production for MgCl2 flooding than NaCl (Fig. 13) . 3.4. Aalborg Aalborg chalk is relatively impure with a calcite content of around 95%. Typical characteristics of Aalborg chalk is the abundance of opal-CT, formed in blades and lepispheres, present in the non-carbonate phase.
Stress-strain plot during isotropic loading (Fig. 14) as well as creep plots is highly repeatable when replicating the test with the same fluid. The porosity of the samples are also relatively homogeneous and hence any effect of the different aqueous chemistry is immediately shown. Nevertheless, all the cores flooded with either 0.657 M NaCl or 0.219 M MgCl2 exhibit quite similar behavior in the loading phase. Compared with that of NaCl, the bulk modulus and yield point of MgCl2-flooded cores may be reduced somewhat (Table 6) . The difference is, however, small. Creep behavior of Aalborg chalk is quite similar as that KA chalks. Cores flooded with MgCl2 experience significant dissolution and develop an enhanced creep with a relatively constant rate (Fig. 15) . Creep strain for cores exposed to 0.219 M MgCl2 is approximately a factor of 2 larger than those exposed to 0.657 M NaCl. Calcium production under MgCl2 flooding is nearly in the order of magnitude higher than that of NaCl flooding (Figs. 16 and 17) . No specific change observed in the pH, which is quite stable in both cases in the range of 8. 
Liége
Liége chalk is also relatively impure with calcite content around 95% similar with Ålborg chalk. Liége chalk commonly exhibits overgrowth and has well-preserved coccoliths (Hjuler, 2007) .
Stress versus strain during isotropic loading is shown in Fig. 18 . The mechanical properties are also summarized in Table 7 . Note that core RL32 is not from the same block, and differences in the bedding direction may result in some difference especially in the loading phase. Nevertheless, core RL32 exposed to NaCl solution and with lower porosity show higher yield and in the plastic phase (after pore collapse), the bulk modulus is stiffer. Samples RL2 and RL11 with comparable porosity however do not seem to show any specific trend according to the specific fluids injected. Creep deformation and rates in RL chalk show similar behavior as the other impure chalks (KA and ÅR) (Fig. 19) . The difference between core RL11 and RL32, both flooded with 0.657 M NaCl, is apparently related to the porosity. Between the different aqueous chemistry, core RL2 flooded with 0.219 MgCl2 clearly demonstrates an enhanced creep deformation with a factor 2 higher than that flooded with 0.657 M NaCl. The creep also develops with three times faster pace than that of 0.657 M NaCl. Chemical analysis as presented in Madland et al. (2011) show that RL chalk exposed to 0.219 M MgCl2 solution experiences constant loss of Mg 2+ and in the same time constant production of Ca 2+ is demonstrated. For cores flooded with 0.657 M NaCl, however, negligible net chemical change is demonstrated. In summary, similar to those KA and ÅR chalks, enhanced dissolution and enhanced time-dependent creep for RL chalk follow the same trend and they occur from the primary creep phase.
Discussion
Implication in the porosity-permeability relationship
From the differential pressure across the core plug and with known flooding rate, final permeability at the end of the creep test was calculated according to Darcy's equation. Kozeny's equation has been used to describe the relation between porosity-permeability as follows: (3) In Mortensen et al. (1998) , parameter c is formulated as a function of porosity as follows: (4) where S is the grain surface area per bulk volume, and Sg is grain-surface area per grain volume as measured by BET specific surface area.
Final porosity (ϕ) when the core plug has experienced some axial deformation (ϵa) is calculated as follows: (5) where ϕ0 is the initial porosity. We have assumed that the change of solids volume is negligible and that volumetric strain under isotropic compression will decrease the pore volume.
The relationship between initial porosity and liquid permeability before isotropic loading (0.5 MPa confining pressure), and the relationship between final porosity and permeability (at respective creep stress levels) at the end of the test are illustrated in Figs. 20 and 21 , respectively. 3)) for constant specific surface area (SSA). Note clear split between NaCl-exposed and MgCl2-exposed cores. All the NaCl data stay within the initial SSA, while those of MgCl2 have been shifted towards larger SSA (outside the two bounds).
From the initial porosity vs. permeability, all the data points are generally grouped within the same lines, corresponding to a specific surface area of 3-4 m 2 /g (Fig. 20) . This value is quite consistent with BET(N2) measurement as mentioned in the materials section above (Table 1 ).
In the final porosity vs. permeability, data points from NaCl and MgCl2 flooding show a clear split (Fig. 21) . Those of NaCl or DW flooding stay within the same SSA line. In this case the change of porosity vs. permeability relationship is only caused by the volumetric strain experienced by the cores. No alteration on the chalk surface is indicated as the data points are generally shifted within the same SSA line. For the cores exposed to MgCl2, however, the porosity-permeability relationships have been shifted to different specific surface area lines. The specific surface area for the majority of the data points is increased to more than 5 m 2 /g. For Liége the increase is dramatic, approximately 15 m 2 /g. Such marked change indicates significant alteration on the chalk surface, apparently induced by the chemical processes in accordance with the behavior observed in the aqueous chemistry analysis.
Summing up, significant chemical alterations on the chalk surface are obviously indicated by a significant increase in the specific surface area for cores exposed to 0.219 M MgCl2 solution.
Implication in the chalk microstructure
Microscopic analysis by SEM (Scanning Electron Microscopy) has been performed on Kansas and Liége chalks. In Fig. 22 SEM image on tested core KA1 sample subjected to a prolonged creep with continuous MgCl2 injection is shown. Chemical alterations are shown by the presence of newly precipitated minerals which appear as granules or sometimes fused as aggregates locally filling the pore space ( Fig. 22(a) ). A-well defined cube crystal indicated as magnesite is also identified (Fig. 22(b) ). Microscopic study by X-ray diffraction and BET (N2) specific surface area analyses on Liége chalk subjected to long term creep test with continuous injection of MgCl2 solution of more than 1 year is summarized in Fig. 23 . A complete change in the textural properties from the core inlet to outlet is shown. BET (N2) analysis on the sliced parts shows that the specific surface area has been doubled. These BET(N2) analyses strongly support the increase of specific surface area derived from the porosity-permeability relationships (Fig. 21) . XRD analysis on the core inlet slice shows strong indication of the presence of Magnesite. Quantitative analysis on the XRD spectrum shows that more than 50% of the tested chalk materials have been transformed into Magnesite, formed particularly near the core inlet. Continuous loss of Mg 2+ has been shown by all the chalk cores flooded with 0.219 M MgCl2 brine. Clearly such retention of Mg 2+ is present in the newly precipitated minerals and not on the calcite grains. Chemical alterations have also involved the non-carbonate phase as shown by the chemical analyses where Si is detected in the effluent (see Fig. 12 ).
Implication in the creep deformation
Cumulative calcite dissolution at time t has been calculated as follows:
where mCa2+ is the calcium concentration in the effluent solution (mol/L), Q is the injection rate (mL/s), and t is the length of time since introduction of the respective brine.
All results from the 5 chalk types show that injection of MgCl2 has caused significant dissolution, where the concentration of Ca 2+ produced is well-maintained with continuous supply of fresh fluid. The excess of Ca 2+ production during MgCl2 flooding can then be calculated from the extra calcium produced relative to that of NaCl flooding. Cumulative calcium production of MgCl2 and NaCl flooding generally exhibit a linear relationship with time, as shown in Fig. 24 and Table 8 . All the pure chalks (SK and MO) have consistently shown that creep enhancement does not occur from initial time, but rather a delayed response. The onset of creep enhancement, as shown by a tertiary-like phase, is characterized by a distinct acceleration in the Ca 2+ production and simultaneously an acceleration in the creep pace. The creep excess in such a case can be therefore calculated from the difference between the measured creep relative to the rate-type model as follows:
(7) Excess Creep = Measured Creep − (A ln(1 + t/t 0 ))MgCl 2 Fig. 25 shows that before the tertiary-like creep evolves, the creep behavior is sufficiently captured by the rate-type model. The difference between the two curves (measured creep and the extrapolated model) would therefore give some quantification on the contribution from the chemical effects. For the impure chalks (RL, KA, and ÅR) exposed to MgCl2 solution, as presented above, the creep deformation is enhanced from the initial time. Unlike that of pure chalks, the chemical effect alone cannot be immediately distinguished. Here the contribution from chemical effects is therefore taken from the creep difference between MgCl2 and NaCl flooding. Since the duration of creep test between MgCl2 and NaCl is different, the rate-type model fitted to the measured creep from NaCl-flooded core is instead used. This approach is supported by the excellent agreement between the rate-type model and the measured creep from all the impure chalk cores exposed to NaCl (Fig. 26) . Such agreement confirms that in the absence of chemical effect, creep behavior can be sufficiently described by the rate-type model. The excess of creep strain for impure chalks is therefore calculated relative to that of NaCl flooding as follows:
(8) Excess Creep = Measured Creep − (A ln(1 + t/t 0 ))NaCl Relationships between excess dissolution and the additional creep are shown in Fig. 27 . A systematic correlation for all the chalk types tested is consistently demonstrated. The later stage where creep steadily develops is taken for the best fit ( Table 9 ). The results show that when a minimum calcite dissolution is overcome, the chemically induced creep with time can be well-correlated with the amount of dissolution (Table 9) . Table 9 . Table 9 . Correlation between excess calcium and the resulting excess creep from the best fit in Fig. 27 .
Δϵ is excess creep (%), ΔmCa is the excess Ca 2+ produced (mmol).
Chalk type Excess creep (%) Aalborg
Δϵ =0.06·ΔmCa+0.21
Kansas ( It can be seen that creep enhancement for all the impure chalks (KA, ÅR, and RL) evolve immediately, after about 2-3 mmol cumulative Ca 2+ produced. In addition, the effect of dissolution on the time-dependent creep at steady state can be sufficiently described by a linear correlation. For the pure chalks (SK and MO), however, creep enhancement is more gradual. It requires higher calcite to dissolve (5 mmol cumulative Ca produced) before any creep acceleration evolves. When the excess Ca 2+ production is higher than 10 mmol, the best-fit rather exhibits a second order correlation. Clearly all the results show a systematic correlation between excess dissolution and the corresponding creep ( Fig. 27 and Table 9 ). The exactness of the correlation is not important here, but the best fits clearly demonstrate direct correlation on how dissolution controls the deformation behavior of chalk over time.
The time-dependent response between pure and impure chalk is interesting. Creep in chalk has been commonly described as a cascade of failure redistribution process. The main mechanism underlying the rate-type creep model is the off-sliding asperities under friction between granular contacts (Andersen et al., 1992; Andersen, 1995) . High-porosity chalks are commonly characterized as coccolith fragments stacked together in irregular structure with poor cementation, resulting in a weak structure.
Calcite dissolution can change the morphology of calcite surfaces in terms of grain rounding and negative crystal formation having prism and/or rhombohedral faceted faces (Gautier et al., 2001) . Grain rounding may decrease the intergranular friction, and thus favoring the creep mechanisms.
Precipitation triggers enhanced dissolution but on the other hand it may also increase the intergranular friction and hence increased resistance against the creep deformation. Such mechanisms may explain the negative terms in the quadratic correlation of dissolution-creep deformation from the pure chalks (Table 9) .
In impure chalks, where creep enhancement occurs immediately, chemical alterations have apparently involved the non-carbonate phase, eventually providing an additional effect which overcomes the frictional behavior. Chemical alterations on the non-carbonate phases in the present study are addressed from dissolution-precipitation, although it is clearly not limited to these effects only. The non-carbonate phase commonly fills the intergranular voids, and acts as contact cement holding the calcite grains together . It is possible that dissolution of the non-carbonate phases can be a precursor to slide off the support carried by the granular contact points and thus furthering the deformation. The presence of clay minerals, which furthers diffuse transport along grain boundaries (Renard et al., 2001) , will have also important consequences on the dissolution-precipitation. The detailed chemical processes in the non-carbonate minerals are beyond the scope of this paper.
For pure chalks (Stevns Klint and Mons), there is negligible contribution from the noncarbonate dissolution. The creep initially diminishes before it starts to accelerate. In favor to the rate-type creep model, the delay of creep enhancement in MO and SK chalks may be associated with the time required for calcite dissolution to overcome the intergranular friction.
Creep acceleration which appears as a tertiary creep coincides with an increase in the Ca 2+ production, where the concentration is well-maintained. The calcite dissolution rate has increased from 0.72 (lowest point) to 0.84 mmol/day for SK5 (Fig. 3) and from 0.35 (lowest point) to 0.83 mmol/day for MO2 (Fig. 8) . No major change in the concentration of Mg 2+ is however shown. Because dissolution changes the morphology of calcite surfaces progressively, the increase in the dissolution rate must be surface-related mechanisms. AFM studies (Shiraki et al., 2000; Xu et al., 2010) show that dissolution of calcite {104} surfaces occurs through rhombohedral pitch development where the crystallographic orientations determine the dissolution rate (Smith et al., 2013) . These indicate that progression of calcite surface morphology through alteration of significant part of chalk volume is required before an increase in the dissolution rate starts. When the onset of creep acceleration occurs, this may also escalate the failures process, generating new surface areas of highly kinked morphology subject to greater Ca 2+ release Smith et al., 2013) . The deformation and dissolution therefore can be a coupled process. Hellmann et al. (2002b) argue that dispersion does occur within chalk where some fluid bypasses the matrix whereas others percolate much more slowly over longer time scale than the fluid residence. Averaged ionic diffusion in free water at 130 °C according to Appelo and Postma (2005) can be calculated as follows: (9) where η is the water viscosity and T is the temperature (K). An average diffusion ionic diffusion (Df,298 ) of 7.4·10−9m2/s at 25 °C will correspond to 7.4·10−9m2/s at 130 °C. In 0.07 m long core plug this will mean a 183 h-diffusion time. It should be mentioned that the exact diffusion coefficient in porous media requires a more rigorous calculation which includes several parameters such as tortuosity, electrical resistance property, and a statistical approach. The diffusion time calculated from the free-water diffusion above, nevertheless, gives a time scale which is in good agreement with the creep acceleration onset in SK5 (150 h) and MO2 (300 h) chalks. In this respect if most of the fluid flow infiltrates the channels (Hellmann et al., 2002b) , the time lag demonstrated in the pure chalks should therefore correspond to the diffusion time. This would imply that calcite dissolution involves not only the free-face but also the intergranular micropores area, which in turn affect the intergranular friction.
Comparison between the time-dependent creep response from the impure and pure chalks has clearly shown that the presence of non-carbonate minerals has a major influence on the onset of chemically induced mechanical degradation. Systematic correlation and microscopic analyses have provided a link between dissolution-precipitation and the time-dependent deformation in high-porosity chalks.
Conclusion
Extensive rock mechanical tests on Kansas, Liége, Aalborg, Stevns Klint, and Mons chalks were performed under isotropic stress above the yield point and with continuous injection of NaCl and MgCl2 solutions at 130 °C. Chemical alterations on chalk cores flooded with MgCl2 solutions are demonstrated by significant change in the aqueous chemistry, change in the microstructures by SEM-EDS, XRD, and BET (N2) analyses and most importantly by change in the porosity-permeability relationship. No such changes are demonstrated by cores flooded with 0.657 M NaCl solutions. The chemical effects have been described as precipitationdissolution which impacts the time-dependent deformation behavior.
Systematic correlation between calcite dissolution and the additional creep strain is demonstrated by all the different chalk types. Steady state creep behavior for all the impure chalks can be sufficiently described by a linear correlation with the calcium produced. For pure chalks the steady state creep show a squared-dependency with the calcite dissolution.
Chemical alterations have signified the role of non-carbonate dissolution as well as carbonate dissolution and the precipitation of new secondary minerals. Creep deformation in pure chalks such as Stevns Klint and Mons are characterized by an initial stage of creep diminution before a-tertiary-like creep subsequently evolves with an accelerated rate. Diminution of creep is described as the time for dissolution to overcome intergranular friction. Creep acceleration and enhanced calcite dissolution are aligned in time. Enhanced dissolution has been explained by progression of calcite surface morphology to alter significant chalk volume and/or slow fluid diffusion to reach micropores areas.
For impure chalks (Liége, Kansas, and Aalborg) the impact of dissolution is demonstrated immediately after 2-3 mmol cumulative calcium produced. The combined effects of chemical alterations on the non-carbonate and carbonate phases outweigh the effect intergranular friction and hence resulting in an immediate creep enhancement, which develops from the primary creep phase.
